The exact cause of these age-related deficits in hippoered to be a part of "normal aging." At the neuronal level, campal-dependent learning and memory is not currently normal aging is known to be associated with numerous known. However, in recent years several promising cellular and molecular changes, which include a prohypotheses have emerged. Prominent among them is nounced decrease in neuronal excitability and an altered the calcium dysregulation hypothesis of brain aging and induction in the threshold for synaptic plasticity. Beneurodegeneration. This hypothesis asserts that a numcause both of these mechanisms (neuronal excitability ber of age-related changes in neuronal function, as well and synaptic plasticity) have been implicated as putative as neuronal dysfunction associated with Alzheimer's cellular substrates for learning and memory, it is reasondisease (AD), may be the result of a dysregulation of able to propose that age-related changes in these mechthe homeostasis of cytosolic free calcium (for multiple anisms may contribute to the general cognitive decline reviews, see [6]). that occurs during aging.
animals. Furthermore, it has been suggested that these exhibit significant alterations in an I A -type macroscopic changes in induction threshold reflect changes in the K ϩ current [12] . In particular, there is a significant reducpost-burst AHP because pharmacological agents (nifedtion in the rapidly inactivating portion of the current as ipine and apamin) known to decrease the post-burst well as an increase in the sustained outward current AHP in aged animals shift the induction threshold for [12] . To further examine the relationship between alterplasticity [11] . Taken collectively, the data outlined ations in voltage-sensitive K ϩ currents and the reduction above suggest a possible link between the age-related in spike broadening and post-burst AHP, we carried out alterations in intracellular calcium, the post-burst AHP, simulations with the NEURON simulation environment synaptic plasticity, and learning in aged animals.
with a reconstructed CA1 cell [16] ( Figure 3A ; see ExperiTo explore how excitability affects plasticity and learnmental Procedures). The inactivation exponential (h 3 ) of ing in aged animals, we have carried out a series of the I A in the model was set to 0 so that it mimicked experiments with aged mice whose neuronal excitability the reduction in the rapidly inactivating portion of the has been genetically enhanced by the targeted deletion macroscopic potassium currents recorded in vitro. The of the potassium channel subunit Kv␤1.1 [12] . The contribution of the delayed rectifier K ϩ current in the Kv␤1.1 subunit confers fast (A-type) inactivation on othmodel was doubled so that it mimicked the observed erwise noninactivating mammalian Kv1 K ϩ channels, increase in the sustained current (see Figure 2 in [12] ). and the expression of this modulatory subunit is conConsistent with data obtained under current clamp confined to discrete brain areas, including pyramidal neuditions ( [12] and current study), decreasing the inactivarons in the hippocampal area CA1 [13] [14] [15] . Our studies tion of I A and increasing the sustained current in the with the Kv␤1.1 knockout mice show that increasing model had little effect on the shape of a single spike neuronal excitability can facilitate long-term potentia-( Figure 3B ) but significantly reduced spike broadening tion (LTP) induction and improve learning and memory ( Figure 3D ). In addition, the resulting post-burst AHP in in aged mice.
simulations run under these conditions was significantly reduced ( Figure 3E ). Data from these simulations supResults port the hypothesis that alterations in A-type K ϩ currents can contribute to spike broadening changes, which in Spike Broadening and Post-Burst AHP turn decrease the post-burst AHP. Deletion of the Kv␤1.1 subunit decreases the cumulative spike broadening that normally occurs during repetitive spiking in CA1 pyramidal neurons of the mouse hippoDeletion of Kv␤1.1 Reduces the Threshold campus [12] . To determine whether this change persists for LTP Induction into old age, we compared the amount of spike broadenTo determine the impact of altering neuronal excitability ing in aged (over 18 months old) Kv␤1.1 knockout mice on synaptic plasticity, we examined what effect deleting with spike broadening in their wild-type littermates. Conthe Kv␤1.1 subunit in aged mice had on LTP that was sistent with our previous findings with young mice [12] , induced in hippocampal area CA1 by several different deletion of the Kv␤1.1 subunit decreased spike broadinduction protocols. In the first series of experiments, ening in aged knockout animals when compared to their a perithreshold tetanus (2 theta burst) was used (see age-matched wild-type littermates ( Figures 1A and 1B) .
Experimental Procedures). Consistently with previous The width of the first spike in the train was not different reports with similar stimulation protocols [17] [18] [19] [20] , slices in mutant and wild-type mice ( Figures 1C and 1D) , which prepared from aged wild-type mice exhibited a minimal is also consistent with our previous findings. amount of sustained LTP ( Figure 4A ). On the other hand, In addition to decreasing spike broadening, deletion in slices prepared from aged Kv␤1.1 knockout mice, the of the Kv␤1.1 subunit in young animals reduces the same stimulation protocol produced significant LTP that amplitude of the AHP that follows a burst of action polasted for at least 40 min after the tetanus ( Figure 4A ). tentials; this is presumably due to a decrease in calcium In a subset of slices that received the 2 theta tetanus, influx during the burst of action potentials [12] . To detera second, much more robust stimulation (10 theta; see mine whether this alteration is maintained in aged muExperimental Procedures) was delivered 40-50 min after tant mice, we measured the post-burst AHP in two differthe first tetanus ( Figure 4B ). Slices prepared from both ent ways. In both cases, a depolarizing current step was aged wild-type and aged knockout mice exhibited applied to the current clamp head stage to elicit spiking equivalent levels of LTP, demonstrating that the LTP in the soma. In the first series of experiments, the current enhancement in the mutant mice was specific to the level was kept constant, and the duration of the pulse minimal stimulation protocol. was successively increased (Figures 2A and 2B ). In the To address the hypothesis that the Kv␤1.1 null mutasecond, the duration was fixed, and the current was tion lowered the threshold for LTP induction, we carried adjusted to elicit at least five spikes ( Figure 2C interaction between deletion of the Kv␤1.1 subunit and over 45% of the probe trial searching in the training genetic background, we carried out a series of experiquadrant. This is in marked contrast to the aged wildments similar to those described above in mice that type mice, in which only 2 out of 11 subjects performed were in a C57Bl/6 background (N7/8; see Experimental at this level ( Figure 5C ). Performance on the visible platProcedures). In contrast to the case of the N4 backform was the same for both groups, as was swim speed ground, the deletion of the Kv␤1.1 subunit in the N7/8 during the probe trial, suggesting that motor or motivabackground failed to produce a decrease in the posttion/visual impairments do not account for the differburst AHP (Figures 6A and 6B) . Accordingly, in this backence in water maze performance between the two ground, deletion of the Kv␤1.1 subunit does not improve groups ( Figure 5D ). This enhanced performance in this performance in the hidden platform version of the Morris task was specific to the aged Kv␤1.1 mutant mice.
water maze (Figures 6C and 6D ). After 5 days of training, Young adult mutants and wild-type mice (3-5 months both wild-type and Kv␤1.1 knockout mice perform at of age) performed at nearly identical levels (% time in chance during the probe trial. A probe trial given after target quadrant: wild-type ϭ 54.5 Ϯ 4.3, knockout ϭ an additional 5 days of training shows that although 49.4 Ϯ 5.8; t ϭ .71, p Ͼ 0.05; n ϭ 8 for both groups; see both groups can learn the task, their performances were Since there is evidence that genetic factors can play a cline [24] [25] [26] . Here, we show that aged Kv␤1.1 mutants, significant role in learning and specifically in age-related with enhanced neuronal excitability, outperformed agecognitive decline in rodents, we used genetic backmatched controls in the hidden-platform version of the ground to study the relationship between neuronal excitMorris water maze. In addition, hippocampal slices preability and cognitive decline in aged animals. Reducing pared from aged Kv␤1.1 mutants showed a marked dethe post-burst AHP in aged animals in the N4 genetic crease in the threshold for LTP induction compared to background improved the performance in the hiddenthose taken from control mice. These results show that platform version of the Morris water maze ( Figure 5 ). In neuronal excitability is an important determinant of both the N7/8 genetic background, however, the post-burst synaptic plasticity and learning in aged subjects.
AHP was similar in mutants and controls. Importantly, Deletion of the Kv␤1.1 gene reduces cumulative spike their behavioral performances also did not differ. The broadening and the post-burst AHP in young mice [12] , lack of a difference between mutants and controls in and now we show that this alteration persists into old age (Figure 1 and 2) . The modeling data presented here the N7/8 genetic background was not due to either a Minimal stimulation reveals a difference in LTP levels between mutants and controls, whereas strong stimulaknockout and wild-type mice. This breeding scheme would be expected to result in homozygous mutants tion protocols occlude this difference. It is interesting to note that the minimal stimulation protocol (2 theta) and wild-type mice with an overall genetic background resembling the original F2 hybrids, but with a flanking used to study LTP relies on two brief bouts of stimulation with a 200 ms pause between them. This delay places region surrounding the Kv␤1.1 gene that is predominantly homozygous for 129Sve alleles [29] . As was the the second burst near the maximal level of hyperpolarization produced by the first bout of stimulation. Therecase in both the N4 background and the original F2 hybrids, deletion of Kv␤1.1 produced a significant refore, the enhanced LTP in the slices prepared from aged Kv␤1.1 mutants may be due to an increase in the amount duction in the post-burst AHP when compared to wildtype littermates sAHP (4.2 Ϯ .45 mV and 6.5 Ϯ .49 mV, of postsynaptic depolarization during the tetanus. In fact, mutants and controls express comparable levels respectively; t ϭ 3.32, p ϭ 0.0019; see Figure S2 ). On the grounds of these data, we have ruled out the possiof potentiation when a more extensive tetanus (10 theta) is used ( Figure 4B ). It is possible that because the addibility of a flanking gene effect. tional bursts in the 10 theta protocol provide strong altering the ability of the hippocampus to encode information. cumulative depolarization, the difference in neuronal excitability between mutants and controls is not a factor in determining the levels of LTP.
Conclusions Previous reports have suggested that slices prepared
The results presented here show that neuronal excitabilfrom aged rats have a lower threshold for the induction ity is an important determinant of both synaptic plasticity of LTD when they are compared to slices prepared from and learning and memory in aged subjects. These findadults [32, 33] (but see also [34]). Our inability to induce ings indicate that interactions between neuronal excit-LTD in aged wild-type slices may be due to the fact that ability and synaptic plasticity play a role in learning, and we used mice in our experiments (cf. rats as in [32] and they suggest that manipulations of either of these two [33] ) or that our artificial cerebral spinal fluid (aCSF) parameters could be used to ameliorate age-related contained a different ratio of calcium/magnesium, as cognitive decline. has been previously suggested [35] . Nonetheless, our results support the idea that decreasing the post-burst platform test). Escape latencies for both trials during the visibleHippocampal slices were then transferred to a holding chamber platform test are averaged for each animal. Statistical comparisons to rest at room temperature for at least 1 hr prior to the start of the were made between groups (% time in training quadrant) with Stuexperiment. All recordings were made in a submerged chamber dent's t tests. In addition, the percentage of time spent in the training perfused continuously with oxygenated aCSF at a rate of ‫2ف‬ ml/ quadrant was compared to that of a chance performance (25%) min at 31ЊC. with a single group comparison. A selective search strategy was All current clamp recordings were made in CA1 pyramidal neurons indicated if animals performed significantly above chance. with an Axoclamp 2B amplifier (Axon Instruments, Foster City, CA) in bridge mode. In the N4 background, whole-cell patch electrodes
